Abstract Wnt signaling plays an important role in development and disease. In this review we focus on the role of the canonical Wnt signaling pathway in somatic stem cell biology and its critical role in tissue homeostasis. We present current knowledge how Wnt/β-catenin signaling affects tissue stem cell behavior in various organ systems, including the gut, mammary gland, the hematopoietic and nervous system. We discuss evidence that canonical Wnt signaling can both maintain potency and an undifferentiated state as well as cause differentiation in somatic stem cells, depending on the cellular and environmental context. Based on studies by our lab and others, we will attempt to explain the dichotomous behavior of this signaling pathway in determining cell fate decisions and put special emphasis on the interaction of β-catenin with two highly homologous co-activator proteins, CBP and p300, to shed light on the their differential role in the outcome of Wnt/ β-catenin signaling. Furthermore, we review current knowledge regarding the aberrant regulation of Wnt/β-catenin signaling in cancer biology, particularly its pivotal role in the context of cancer stem cells. Finally, we discuss data demonstrating that small molecule modulators of the β-catenin/coactivator interaction can be used to shift the balance between undifferentiated proliferation and differentiation, which potentially presents a promising therapeutic approach to stem cell based disease mechanisms.
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Introduction/Background
By definition, stem cells are primitive cells that have the capability to self-renew (i.e. give rise to at least one identical daughter cell) as well as differentiate into more mature, specialized cell types. It is these two hallmark characteristics, selfrenewal and diverse differentiation potential, that have spawned widespread interest in stem cell biology and engendered formidable research efforts. Stem cells come in different flavors and are generally classified according to their origin, which also dictates their biological capabilities. They can be of embryonic origin, hence embryonic stem cells (ESC), or of adult tissue origin, termed somatic stem cells (SSC). ESC can differentiate into any tissue type found in the adult organism and are therefore termed pluripotent (1, 2) . Somatic stem cells have undergone a partial differentiation process, restricting their differentiation potential, and are hence called multi-, oligo-or bipotent (3, 4) . Despite some evidence regarding trans-differentiation (5), most SSC normally give rise only to cells of the tissue or organ in which they are found (e.g. hematopoietic stem cells, neuronal stem cells, intestinal stem cells, etc.) and are critical in both tissue homeostasis and regeneration after injury (6) (7) (8) . Recently, SSC have also gained prominence in the field of cancer research. Following malignant transformation, so called cancer stem cells (CSCs) are believed to play a major part in tumor initiation, therapy resistance and ultimately relapse (9) . Consequently, one key focus in cancer research over the past decade has been to prospectively identify CSCs and to find therapeutic strategies to safely eliminate this cell population. A major hurdle to this goal lies in the identification of the key mechanisms that control survival and proliferation of CSC, which distinguish them from normal endogenous tissue stem cells. Increasingly, the basic molecular signaling networks governing stem cell behavior are coming into focus, providing critical knowledge about basic mechanisms that regulate cellular potency and differentiation. Intriguingly, the same evolutionarily conserved signaling pathways, which govern embryonic development, appear to control the behavior of both normal stem cells as well as cancer stem cells. The Wnt/β-catenin (10, 11) , Hedgehog (12) , and Notch (13) pathways have all been implicated in stem cell and cancer stem cell biology (see also (14) ).
In this review, we will focus on various aspects of SSC biology and will discuss the importance of Wnt/β-catenin signaling, which has emerged as a key player in stem cell biology, in tissue homeostasis and regeneration (15) (16) (17) on one hand, as well as malignant transformation and cancer on the other. Mounting evidence suggests that aberrant activation of these signaling pathways play critical roles in malignant cell transformation and neoplastic proliferation (15, (17) (18) (19) . Controlled pharmacologic manipulation of stem cell proliferation and differentiation offers tremendous potential for regenerative medicine as well as the treatment of malignancies.
The Wnt Pathway
The Wnt-signaling pathway is an evolutionarily conserved and complex signaling cascade with important functions in both development and disease (17, 18, 20, 21) . Its pivotal role in development and organismal homeostasis is strikingly illustrated by the diversity of fundamental cellular processes directed by the Wnt-pathway, such as cell fate determination during embryonic development, cellular polarity, cell proliferation, cell cycle arrest and differentiation as well as apoptosis and tissue homeostasis (22) . Accordingly, aberrant regulation can cause severe developmental defects and has been linked to multiple disease processes, most notably cancer (20, 21) . The pathway was first discovered in Drosophila (and termed wingless, because of it's role as a morphogen in wing development), and later in the mouse (termed int1, where it was discovered due to its ability to promote tumor formation).
Further research showed that both belong to the same evolutionary highly conserved signaling network, now commonly known as the Wnt-pathway (15, 23) . Three 'branches' are often described: (1) the canonical Wnt pathway, which acts through the transcriptional activity of β-catenin, which will be discussed in more detail in this review article; plus two β-catenin-independent pathways: (2) the non-canonical planar cell polarity pathway, which effects cytoskeleton and cell shape (24, 25) , and the (3) the non-canonical Wnt/calcium pathway (26, 27). Although these classifications are helpful in describing the distinct roles and functions of the Wnt pathway, it is important to note that these signaling events are not mutually exclusive -rather they are highly dynamic and coupled, with cross-talk occurring between all three 'branches' that is dependent on cell-or tissue-type and defined stages of development (28 
CBP and p300
The transcriptional co-activators CBP and p300 are highly homologous Kat3 protein acetyltransferases that possess several conserved domains that bind a variety of transcriptional regulators and other proteins (44, 45). The ability of these multidomain proteins to acetylate histones and other proteins and serve as master organizers of many transcriptional events is critical for a wide array of biological processes (45, 46). Genetic alterations in both genes leading to functional inactivation have been linked to the rare human disease Rubinstein-Taybi syndrome (47) . Gene dosage of both CBP and p300 are critical in mammalian development, as various knockout and mutagenesis studies in mice have demonstrated. Homozygous knock out embryos for p300 (−/−) die at or before E11.5 with severe central nervous system (CNS) and heart abnormalities, while p300 heterozygotes (+/−) exhibit neural tube closure defects and considerable lethality in utero (48) . Curiously, compound CBP+/−, p300+/−mouse embryos display a phenotype similar to p300−/− or CBP−/−mouse embryos (49 (52) . Our group has shown that Wnt/TCF/β-catenin mediated Survivin transcription provides evidence for noncompensatory roles for CBP and p300 (53) .
Somatic Stem Cells (SSC)
The first concrete evidence for the existence of somatic stem cells (alternatively termed adult stem cells or tissue stem cells) came from the pioneering work of McCulloch and Till on mouse bone marrow stem cells (54) . Subsequent research has identified SSC in many organs and tissues, including liver (55), gut (56), lung (57), heart (58), and CNS (59) . Tissue stem cells have the ability to self-renew and proliferate as well as differentiate in a restricted manner (60, 61) . They are understood to be the source of naturally occurring tissue regeneration and repair in adult tissues (60) . The dichotomy between self-renewal and proliferation on the one hand and differentiation on the other is bridged by the ability of stem cells to switch between different modes of cell division: symmetric and asymmetric. Symmetric cell division, which is not unique to stem cells, can be further subdivided into differentiative or non-differentiative symmetric division (for detailed review, see (62) ). The first produces two identical daughter cells with reduced differentiation potential and a higher degree of specification, while the later results in two daughter cells without changes in differentiation potential, thereby increasing the pool of stem cells. (Fig. 2B ) Asymmetric division on the other hand results in the production of two distinct daughter cells: one retaining the characteristics of the parental (stem-) cell, the other entering differentiation and exiting the stem cell niche ( Fig. 2A ). Considerable efforts have been devoted to deciphering the molecular mechanisms that regulate SSC plasticity and to exploit their potential for therapeutic purposes. In particular evolutionary conserved developmental pathways have been implicated in the selfrenewal and organ specific differentiation of somatic "stem/ progenitor" cells (for review, see (63, 64) ).
Wnt-Signaling in Somatic Stem Cells
The Wnt-signaling pathway has emerged as a pivotal player in the specification and maintenance of stem cell lineages and has been shown to have an important role in multiple stem cell compartments in a wide array of tissues and organs (65, 66) (67-71). For example, in 1998 the Clevers' laboratory reported that elimination of the β-catenin interaction partner Tcf4 in mice resulted in the complete absence of the stem cell compartment in the small intestine (54, 72) . Further work has shown that canonical Wnt signaling cooperates with BMP and Notch signaling in the intestinal stem cell niche to control stem cell self-renewal (69) . The small intestine is organized into villi (apical) and crypts (basal) that are composed of various cell types. In particular, intestinal stem cells (ISC) and paneth cells require canonical Wnt-signaling for establishment and maintenance. ISC reside in intestinal crypts (73) and their proliferation is Wnt dependent (74) . The loss of positive Wnt regulators, such as TCF4 or β-catenin, as well as the overexpression of negative Wnt regulators, such as Dickkopf1 (Dkk1), dramatically decreases the proliferation capacity of this cell compartment (72, 75) . Two distinct stem cell populations have been described: (1) + 4 label retaining cells (LRC) (76) , which mainly remain in G 0 and are apparently activated only during injury (76) . These cells are characterized by the stem cell marker Bmi1 (77) . (2) Crypt basis columnar cells (CBC), which can be identified by the expression of Lrg5 (an orphan G-protein coupled receptor) (77, 78 (81) . Supporting this notion is the fact that depletion of PC's leads to a decrease in the number of ISCs (81) . Wnt-signaling is also critical for expression of the gene Sox9, which is important for PC lineage commitment (82, 83) . In the hematopoietic system, Wnt3a has been implicated in self-renewal and proliferation (68, 84) . Regulation of hematopoietic stem/progenitors, as well as lineage commitment of progenitors during hematopoiesis is highly Wnt dependent (85, 86) . Survivin expression, which we have demonstrated is a Wnt/CBP/β-catenin regulated gene (53) , is important during hematopoiesis and is prominently up-regulated in CD34 + hematopoietic stem/progenitor cells upon growth factor treatment (87) . Survivin-deficient hematopoietic progenitors show defects in erythroid and megakaryocytic formation (88) .
Canonical Wnt signaling is crucial for heart development (67, 89), but is usually shut-off in the adult heart (90, 91) . Interestingly, several studies have shown that inhibition of Wnt signaling may yield a more favorable outcome in cardiac repair after ischemic injury (92) . Transgenic mouse models for β-catenin (93) or disheveled knockdown demonstrated less scarring and better remodeling following injury. A study by Saraswati et al. provided evidence that a small molecule CK1α activator, pyrvinium, inhibited "canonical Wnt signaling" and thereby reduced adverse remodeling and improved cardiac function (94) . Our group has recently demonstrated that Wnt signaling is important for physiological heart repair and that use of the co-activator CBP or p300 fundamentally and differentially influence the outcome (95) . Sasaki et al. demonstrated that the disruption of CBP/β-catenin interaction via the small molecule inhibitor ICG-001 led to increased p300/β-catenin interaction in epicardial progenitor cells and resulted in a significant improvement of cardiac function in female rats post-infarction compared to vehicle control treated animals.
Wnt signaling has been implicated in mammary gland development and cell transformation (17, 65, 96, 97) . Ectopic expression of ΔNβ-catenin (98) or Wnt1 (99) leads to ductal hyperplasia, while loss of function in β-catenin (using a dominant negative variant) has been shown to exert a negative effect on breast tissue development during pregnancy, particularly lobuloalveolar proliferation (100) . Overexpression of inhibitors (such as Axin (101)) or loss of Lef1 function inhibits mammary differentiation of precursor cells (102) . The bilayered mammary epithelium consists of luminal cells (Ck8+, Muc1+) and basal cells (Ck5+, p63+). Of these two cell types, the basal cells have been shown to express both Lrp5 and 6 (103), obligate canonical Wnt signaling receptors (70) . Ductal mammary stem cells comprise a sub-population of basal epithelial cells and are capable of regenerating cleared mammary fat pads (104) . Knockout studies for Lrp5 (105) and loss of function mutation for Lrp6 (106) receptor species showed significantly reduced activity in this cell compartment and impaired gland branching, suggesting impaired stem cell function.
Finally, Wnt-activity has been implicated in neuronal stem cell biology (107) . The small molecule inhibitor XAV939, which stabilizes Axin2 and amplifies negative feedback Asymmetric cell division will yield to different progenitors, one that maintains the same state of potency as the parental cell (blue), the other which will reduce its level of potency and initiate differentiation (green), first through a state of high proliferative capacity termed transiently amplifying state, and subsequently towards a terminally differentiated cell type (which many times will exit the cell cycle and remain in G0). Symmetric cell division on the other hand dictates that both progeny are identical, either maintaining the same differentiation status as the parental cell (blue) or reducing their level of potency through the initiation of differentiation (green) c After malignant transformation (red), stem cells basically maintain the same modes of division, albeit with a misregulation in terms of the divisions required for tissue homeostasis. Mutated stem cells may acquire increased potential to undergo non-differentiative symmetric cell divisions or will undergo differentiative symmetric or asymmetric cell divisions, but loose their ability to properly differentiate. The resulting undifferentiated or poorly differentiated progenitor cells also lack the capacity to terminally differentiate and maintain high proliferation capacity. Furthermore, partially differentiated cells might undergo and EMT-like process, leading to a reverse in differentiation and the acquisition of more stem-like properties. These mis-regulated cellular division events ultimately lead to the expansion of a tumor mass and the development of cancer signals in Wnt/β-catenin signaling, leads to accelerated differentiation of spinal cord stem cells and improved myelination after hypoxic and demyelinating injury (108) . Our group had also previously shown that inhibition of CBP/β-catenin interaction can rescue neuronal differentiation defects in an Alzheimer's Disease model (109) .
Cancer Stem Cells (CSC)
Increasing evidence suggests the existence of a small subgroup of cells in cancer, termed cancer stem cells (CSC) or alternatively tumor initiating cells (TIC). The presence of CSC has forced a paradigm shift from the earlier model of tumor homogeneity towards one of "hierarchal clustering" in tumors, where CSCs play the central role in carcinogenesis (110, 111) . The cancer stem cell concept postulates that the bulk tumor consists of rapidly proliferating and differentiated (albeit aberrantly or only partially differentiated) cells, with a small population of CSCs that provides for the long-term maintenance of the tumor. These cells are able to self-renew (112, 113) , actively express telomerase (114) and activate anti-apoptotic and multidrug resistance pathways. They may remain relatively quiescent, but can give rise to rapidly dividing progeny, which form the bulk of tumor cells (Fig. 2C ). Due to these characteristics, CSC are thought to be responsible for tumor initiation, progression and relapse, as well as metastasis and drug resistance (9, (115) (116) (117) (118) . Supporting evidence exists that a stem-like signature contributes to cancer aggressiveness and is related to poor outcome (119) . Although CSC resemble tissue stem cells in several characteristics, such as self-renewal and differentiation potential, Wicha et al. (120) pointed out that the term 'cancer stem cell' does not necessarily refer to the cell of origin, but rather refers to cells that have stem like properties. CSC could originate from tissue stem cells, transiently amplifying cells or potentially even differentiated cells. Vassiliou et al. (121) and others (122) suggest that stem cells, due to their longevity and self-renewing properties, may be more susceptible to minor genetic changes and have a far greater propensity to accumulate carcinogenic mutations (genetic mutations, epigenetic changes), which could markedly influence the behavior of those cells (e.g. accelerate selfrenewal through a switch from asymmetric to symmetric division (112)). As stated above, it is possible that initial mutations occur in tissue stem cells, but final mutations that confer CSC properties might occur during neoplastic transformation in downstream progeny (123) . Mutations that block differentiation have been identified (e.g. in breast cancer (124, 125) ), which lead to an increase in stem/progenitor cells at the expense of differentiated cells (124) . (Fig. 2C ) It has also been speculated that cellular de-differentiation towards a cancer stem cell phenotype is involved in poorly differentiated cancer types. Observations that cancer cells can undergo a process called epithelial-mesenchymaltransition (EMT), which plays a critical role in development and other physiological processes such as wound healing or gastrulation, has led to the hypothesis that EMT plays a critical part in the formation of CSC (126, 127) . Experimental evidence demonstrated that EMT can cause de-differentiation of cancer cells, involving a loss of epithelial polarity, and resulting in increased migratory and tumor initiating potential (128-130) although these may not be required for "stemness" per se. Several markers of EMT (e.g. ZEB1/2, Twist, Snail and Slug) have been described to be misregulated in various malignancies (131) . Despite still existing controversy regarding the CSC hypothesis (132), it is clear that distinct cancer cell populations have enhanced tumorigenic capacity compared to bulk tumor cells. Findings of cancer cells with enhanced tumor initiating properties were first reported in leukemia. Bruce et al. demonstrated that only a small subgroup of cells showed extensive proliferation in vivo and in vitro (133) . In 1997 John Dick and colleagues isolated CSCs (known as leukemic stem cells, or LSCs) from bulk acute myeloid leukemia cells (134) . Such LSC maintained or reacquired the ability to proliferate indefinitely while losing the ability to properly differentiate (113) . Over the past decade, a large number of studies have identified CSC in several solid tumors, including brain tumors (135) , melanoma (136) , breast (137) , liver (138) , pancreatic (137) and colon cancer (139) .
Wnt-Signaling and Cancer Stem Cells
Aberrant Wnt signaling has been shown to be involved in many malignancies (17) . Considering the importance of the Wnt-pathway in stem cell biology, it is not surprising that aberrant Wnt signaling has been implicated in the tumorigenic potential of stem cells. A study by Blum et al. elegantly demonstrated the involvement of Wnt-signaling in tumor formation through stem cells by showing that continued expression of Survivin (a Wnt target gene) upon differentiation of hES cells in vivo is associated with enhanced teratoma formation (140) . Telomerase activity endows cells with unlimited self-renewal capacity and is overexpressed in many cancers. Recently, it has been shown that Wnt/β-catenin signaling plays a role in telomerase expression (141) . The process of EMT has been directly connected to activated β-catenin signaling (131, 142) . Conacci-Sorrell et al. showed that slug, a strong inducer of EMT in tumors, is associated with nuclear accumulation of transcriptionally active β-catenin. Over-expression of EMT inducing factors twist and snail (both putative Wnt target genes) increases the expression of CSC markers (126) . The functional connection between enhanced nuclear β-catenin signaling and EMT is further strengthened by the increasing number of β-catenin target genes (e.g. S100A4, fibronectin, L1CAM, CD44, MMP7, uPAR, etc.) whose expression is associated with invasion, migration and metastases (143) (144) (145) . Moreover, Cdx-1 (146) and Id2 (147), two transcription factors associated with prevention of epithelial differentiation and maintenance of a more "stem like" state, have been identified as β-catenin-mediated genes. A typical approach to identify putative cancer stem cells is the use of cell surface markers (148), many of which have been found on normal tissue stem cells. Interestingly, many of these markers are direct Wnt targets (including LGR5/GPR49 (78), CD44 (149), CD24 (150), CD133 (151), ABC cassette genes (152, 153) and EpCAM (154, 155) ). In fact, the first evidence for the existence of CSCs in solid tumors emerged from studies in breast cancer by Al hajj et al. (156) (160) . Further studies showed that canonical Wnt signaling is frequently up-regulated in breast tumors, particularly in aggressive, less differentiated basal type tumors (18, (161) (162) (163) . Interestingly, these tumors show a stem cell-like transcriptional signature (164) . Another hallmark of aggressive breast cancers is their enrichment of an EMT-like signatures (142, 165) . Wnt1 has been shown to up-regulate twist (166) , thereby favoring an EMT like process in breast cancer cells (167) . In the case of Wnt/β-catenin driven transcription, β-catenin is relocated from the cytoplasm to the nucleus. This "loss" of cytoplasmic β-catenin leads to a disruption in cell polarity, resulting in EMT and a CSC-like phenotype with a significant increase in the CD44 high , CD24 low population (168) The cell surface protein CD133, is expressed by normal primitive cells of the neural, hematopoietic, epithelial and endothelial cell lineages (139, (169) (170) (171) (172) (173) . Recently, enrichment of CD133+ cells in colorectal cancer (CRC) samples has been shown to enrich for a population of CSC/TICs (139). Additionally, it has been shown that high levels of nuclear β-catenin characterize these stem-like cancer cells (174) . Van de Wettering et al. showed that Wnt signaling imposes a progenitor cell phenotype on CRC cells and that the TCF4/β-catenin complex functions as a master regulator of proliferation and differentiation (175) . It has been shown that Lrg5/GPR49 is overexpressed in the majority of colon tumors examined, compared to normal control tissue (173) . Several studies have revealed that membrane transporters, including MDR-1, ABCG2, ABCA3 and BRCP1, are intrinsically expressed in stem/progenitor cells from multiple adult tissues and that they contribute to the side population (SP) phenotype of stem cells (176) . The expression of these so-called multi-drug resistance genes has been shown to be related to therapy response and also identifies putative cancer stem cells (117, 177, 178) . Wnt/ β-catenin signaling appears to play an important role in ABCB1/MDR-1 transcription and putative TCF binding elements were identified in the ABCB1 promoter (−1,813 to −275 bp) (153) . The side population assay has been applied to identify rare, drug resistant hematopoietic cancer stem cell/tumor initiating cell (CSC/TIC) populations (179) . Such hematopoietic CSC/TIC populations, have been shown to be Wnt/β-catenin dependent (180) . Furthermore, many Wnt signaling related genes are up-regulated in hematopoietic malignancies (181) and epigenetic silencing of negative regulators of the Wnt signaling cascade is frequently associated with leukemias, including CML (182) . In a recent study, we demonstrated that drug resistant clones in ALL, which exhibit stem cell characteristics, are maintained by CBP/ catenin driven gene transcription. Disruption of the CBP/ catenin interaction leads to sensitization to chemotherapy and elimination of therapy resistant ALL clones (183) .
Orchestrating Wnt/β-Catenin Signaling
Proliferation versus differentiation: a question of co-activator usage
It is quite clear that Wnt-signaling is important in stem cell biology. Coordination of the Wnt pathway is critical in regulating cell fate determination and migration during gastrulation and other developmental processes (184) . Nevertheless there is no consensus as to whether Wnt is important for maintenance of the stem cell state (unlimited proliferation, pluripotency, multipotency), or the differentiation of stem/progenitor cells, or whether it is important for both by orchestrating cellular development in a context dependent manner (for ref. see (32, 185) ). Wnt/β-catenin signaling has been demonstrated to expand undifferentiated stem cell populations (71, 186, 187) . Yet it has been demonstrated to be essential for cellular differentiation of ES cells and plays a critical role in fate decision and lineage commitment (71, 89, (188) (189) (190) . The dichotomous behavior of Wnt/β-catenin signaling in controlling both proliferation and differentiation has provoked substantial controversy. Throughout this review, we have provided several examples that illustrate the importance of the co-activator proteins CBP and p300 in controlling the outcome of Wnt/β-catenin signaling (also (191) ). Using a chemical genomic approach, our group first identified the selective antagonist of the Wnt/CBP/β-catenin interaction, ICG-001, which led to the development of a model to explain the divergent activities of Wnt/β-catenin signaling (192, 193) . Blocking the CBP/β-catenin interaction disrupts a subset of TCF/β-catenin responsive genes (i.e. Survivin, cyclin D1, axin2, hNkd) whereas it does not interfere or actually increases the expression of other TCF/β-catenin responsive genes (i.e. c-jun, fra-1, EphB2, Brachury T) (53, 109, (192) (193) (194) . We proposed a distinct role for the co-activators CBP and p300 in the Wnt/β-catenin signaling cascade. CBP/ β-catenin-mediated transcription is essential for stem and/or progenitor cell maintenance and proliferation, whereas a switch to p300/β-catenin-mediated transcription is the first critical step to initiate differentiation and a decrease in cellular potency. Accordingly, a change in co-activators interacting with β-catenin (or catenin-like molecules in the absence of β-catenin) (195) , and more generally the basal transcriptional apparatus (196) , is critical for a stem/progenitor cell deciding to either maintain its level of potency or to go on to differentiate. Several groups, including our own have shown that CBP/β-catenin mediated transcription maintains stem-cell gene expression (e.g. expression of Oct4, Survivin (197, 198) ) and undifferentiated cell proliferation (199, 200) . Interestingly, our work showed that blocking the CBP/β-catenin interaction causes an increase in the p300/β-catenin interaction, leading to differentiation and a decrease in cellular potency (e.g., increasing the expression of c-jun, fra-1, etc.) (109) . Endogenously, co-activator usage could be controlled via posttranslational modifications, as a substantial number of phosphorylation sites exist in the amino terminal regions of both CBP and p300, the region that interacts with beta-catenin (201) .
Our model proposes that activation of the CBP/β-catenin arm is the default active pathway in stem cells which maintains a non-differentiative proliferative state. In order for regular development to proceed, cells must exit the cell cycle and initiate the process of differentiation (109) . It is quite intriguing to speculate that an aberrant increase of the CBP/catenin interaction at the expense of the p300/catenin interaction increases the number of symmetric (nondifferentiative) divisions at the expense of asymmetric divisions, leading to an inability to properly initiate and complete differentiation of somatic stem and/or progenitor as the underlying malfunction in essentially all cancers. Evidence supporting this proposition comes from a study by Cicalese et al., which suggests that asymmetric cell division may function as a tumor suppressor mechanism (202) . We speculate that a wide range of mutations (some of which are cell type or tissue specific; e.g., bcr/abl, K-Ras, Her2, etc.) can lead to aberrant regulation of the underlying equilibrium between catenin/CBP and catenin/p300; i.e., between proliferation and maintenance of potency and the initiation of differentiation (Fig. 3) . In support of our model, we have found that ICG-001, which selectively blocks CBP/β-catenin interaction, has differentiating effects on a wide array of stem/progenitor cells, including cancer stem cell populations (109, 183, 195) . Fig. 3 p300/CBP differential co-activator usage model. Upon nuclear localization, the effect of β-catenin driven gene expression and cell fate decision is dependent on its association with either co-activator CBP or p300, which are critical for full activation of the transcriptional complex composed of β-catenin and TCF/Lef transcription factors. Binding with CBP maintains cell proliferation and inhibits differentiation while binding to p300 triggers the cell to exit the cell cycle and initiate differentiation.
Via this differential co-activator usage, Wnt/β-catenin signaling can shift the balance between two fundamental cellular decisions, either to proliferate in an undifferentiated state (CBP/β-catenin signaling) or differentiation and cell fate decision (p300/β-catenin signaling). Many different internal and external factors may ultimately be combined and "funneled" into a relatively simple bimodal switch controlling cell fate decision Concluding Remarks Stem cells, particularly adult stem cells, play an important role in tissue regeneration and disease. Their fate is controlled in large part by developmentally preserved signaling pathways. One of these, the canonical Wnt pathway, has a prominent role in stem cell proliferation and differentiation. Aberrant regulation has been shown to effect stem cell behavior and can lead to the development of cancer. The effects of Wnt/β-catenin signaling are not merely dependent on a simple 'on/off' principle, but rather on the orchestration of different 'arms' in a temporally and spatially controlled fashion. A delicate equilibrium between the co-activator proteins CBP and p300 seems to be critically important for fundamental decision making in stem cells: namely whether to maintain potency and to proliferate or to initiate differentiation. This critical decision-making has important downstream effects on tissue homeostasis, repair and cancer development, which are essentially all stem cell related. Organized regulation of the equilibrium between CBP/β-catenin and p300/β-catenin signaling is important for normal development, while aberrant regulation leads to disease, including cancer. Our group has demonstrated that specific small molecule inhibitors of these interactions can be used to influence stem cell behavior, causing a switch between stem cell maintenance and differentiation. With the development of the second generation CBP/catenin antagonist PRI-724, by Prism Pharmaceuticals, and the initiation in 2011 of human clinical trials, this discovery moved from the bench to the bedside. We believe that the ability to pharmacologically regulate critical decision points in stem cell biology will have important implications for both regenerative medicine and cancer therapy. Oncogene, 23 (24) , 4225-31.
